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Abstract 
Herein, we report the formation of multi-segment Si-Ge axial heterostructure nanowires in a 
wet chemical synthetic approach. These nanowires are grown by the liquid injection of the 
respective silicon and germanium precursors into the vapour phase of an organic solvent in 
which a tin-coated stainless steel substrate is placed. The Si-Ge transition is obtained by 
sequential injection with the more difficult Ge-Si transition enabled by inclusion of a quench 
sequence in the reaction. This approach allows for alternating between pure Si and pure Ge 
segments along the entire nanowire length with very good control of the respective segment 
dimensions. The multi-segment heterostructure nanowires presented are Ge-Si, Si-Ge-Si, Ge-
Si-Ge, Si-Ge-Si-Ge and Si-Ge-Si-Ge-Si-Ge. The interfacial abruptness of the Ge to Si 
interface is also determined through the use of aberration corrected scanning transmission 
electron microscopy and electron energy loss spectroscopy. 
Keywords: Silicon, germanium, axial, heterostructure nanowires, solvent vapor growth, 
aberration corrected STEM 
Introduction 
Si and Ge nanowires (NWs) have attracted substantial interest as their nanoscale dimensions 
offer potential to investigate electronic properties in these important materials at feature sizes 
that are relevant to the semiconductor industry. These nanowires are also of significant 
interest for energy harvesting (Photovoltaic), electronic applications (Transistors) and energy 
storage applications (Li ion).
1-3
 A lot of the research to date has focussed on the growth and 
applications of pure elemental Si or Ge NWs.
4-6
 However, in recent years research has 
progressed towards the synthesis of compound semiconductor materials such as Si/Ge 
heterostructure NWs (hNWs) due to their potential for high performance device 
applications.
7, 8
 Both axial and radial Si/Ge hNWs have been successfully synthesised, 
typically through the use of chemical vapor deposition techniques.
9-11
 Axial hNWs in 
particular may provide distinct advantages in electron transport applications, such as in tunnel 
field effect transistors (FETs) by combining the smaller bandgap and higher carrier mobilities 
of Ge while maintaining a more suitable current switching and subthreshold swing due to 
Si.
12
 However, a key requirement for the use of these structures in such high performance 
devices is the ability to control the interfacial abruptness between the materials.
13, 14
 Au has 
been the most extensively studied catalyst for these axial heterostructures but as a Type A 
catalyst it has a high solubility with Si (18.6 % Si at 363 °C) and Ge (28 % Ge at 361 °C) 
resulting in an interfacial region that is of the order of the NW diameter.
15
 This diameter 
dependence is due to a “reservoir effect” where residual Si or Ge atoms remain in the seed 
even after the growth source has changed, causing a diffuse interface between the 
materials.
16, 17
 It is widely accepted that in order to reduce this effect and therefore increase 
the interfacial abruptness of the hNWs, the solubility of Si and Ge with the chosen catalyst 
should be minimized.
14, 15, 17-19
 In some cases  the alloying of Au with other type A catalysts 
(Al and Ag),  in combination with switching from the VLS growth system to the VSS growth 
system upon entering the Ge growth phase, has allowed for the lowering of the solubility of 
Si and Ge with the seed, consequently producing more abrupt interfaces.
17, 18
 However, this 
switching of the growth type from VLS to VSS results in the growth rate being dramatically 
reduced as VSS growth is much slower than VLS growth. Perea et al. have recently reported 
the ability to produce abrupt interfaces, as narrow as 6nm, by alloying Au with the  type B 
(low solubility for Si and Ge) catalyst Ga, which allows for the reduction in the overall 
solubility of the group IV semiconductors in the catalyst, with the added benefit of being able 
to maintain VLS growth.
19
 While more abrupt interfaces have been achieved through these 
methods, the use of gold is still not ideal as it forms electron traps in Si and Ge NWs, 
inhibiting their use in electronic applications.
20-22
  
To avoid the use of Au, while also maintaining a low solubility of Si and Ge in the seed, type 
B catalysts alone, are attractive alternatives for Si-Ge hNW growth. Type B catalysts such as 
In, Sn and Bi, not only have low melting points allowing for lower reaction temperatures, but 
they also boast solubilities of ≤ 1 % with Si and Ge and have already been proven to be 
useful in the growth of both pure Si and pure Ge NWs.
23-26
 We have recently formed Si-Ge 
axial hNWs with atomically abrupt interfaces, using the type B catalyst Sn in a solvent 
vapour growth system.
27
 As the germanium precursor is more reactive than the silicon 
precursor, the sequence of growth is restricted to Si as the first component seeding from Sn 
which on introduction of Ge into the system results in an immediate switch to Ge growth. 
Efforts to include a third segment by re-introduction of Si monomers results in an alloy of 
Si/Ge as the terminating segment regardless of the type B catalyst used.
28
 This is consistent 
with many of the previous reports of axial Si/Ge heterostructure NW growth that consist of 
alternating Si and Si/Ge alloy segments formed by having a continuous flow of a Si source, 
with the intermittent introduction of a Ge source to form the alloy segments.
9, 15, 29
 These 
reports have mostly consisted of a Si segment first (Si-Ge) with very few reports of the 
reverse configuration, Ge-Si.
19, 30, 31
 Also, reports of repeated alternating between pure Si and 
pure Ge segments in axial heterostructure NWs are very scarce, with the only previous works 
on this showing quite short subsequent segments due to the slow VSS growth rates following 
the growth of an initial long Si segment under VLS conditions.
17, 18
 
Here, we present the growth of long, multi-segment Sn seeded Si-Ge axial hNWs, showing 
control over the segment distribution and number of repeat units. The hNWs presented 
include Ge-Si, Si-Ge-Si, Ge-Si-Ge, Si-Ge-Si-Ge and Si-Ge-Si-Ge-Si-Ge, grown in a 
versatile, low-cost solvent vapor growth (SVG) system.
32, 33
 Through the use of the type B 
catalyst, Sn, we are able to maintain a high growth rate with the VLS mechanism for the 
entire process. In this study, to circumvent the growth of a Si/Ge alloy segment due to the 
presence of residual germane, and to promote the growth of pure, single element segments, 
we introduce quench sequences following the growth of the Ge segments with additional 
segments grown in clean glassware. Aberration-corrected scanning transmission electron 
microscopy (STEM) analysis, along with atomically resolved electron energy loss 
spectroscopy (EELS) analysis have been utilised in order to determine the exact abruptness of 
the Ge-Si interface. 
  
Results and Discussion 
Figure 1 outlines the synthesis approach used in this report for the formation of multi-
segment hNWs, beginning with either a Si or a Ge segment. Figure 1 (a) illustrates the SVG 
system used for NW growth, which consists of a long-neck round bottomed flask, within a 
three zone furnace. The flask contains the high boiling point organic solvent, squalane, as 
well as the stainless steel (SS) growth substrate. A thermally evaporated layer of Sn on the SS 
substrate allows for the nucleation of the NWs through the in situ formation of discrete Sn 
seeds in the reaction vessel due to its low melting point of 231.9 °C. The schematics 
illustrating the synthesis protocol for the different hNW types achievable is explained in 
Figure 1 (b) and (c) where Figure 1 (b) shows the growth when starting with a Si segment 
while Figure 1 (c) shows the reverse type, starting with a Ge segment. For the growth of the 
double segment heterostructure type of Si-Ge, shown in Figure 1 (b), a Si segment is grown 
by injecting the Si precursor phenylsilane (PS) followed by sequentially injecting the Ge 
precursor triphenylgermane (TPG) to achieve a subsequent, Ge segment within the same 
reaction vessel.
27
 The growth of this pure Ge segment is achieved by taking advantage of the 
enhanced reactivity of TPG, due to phenyl-redistribution when combined with PS, which is 
already present from the Si segment growth. In principle PS is an effective phenyl scavenger 
leading to rapid reduction of the TPG to Ge.
34, 35
 However, for the growth of the reverse 
configuration, namely Ge-Si, shown in Figure 1 (c), it is not possible to simply perform a 
sequential injection of PS as this results in the formation of a Si/Ge alloy region, rather than 
pure Si due to the PS reacting with residual germane in the reaction vessel.
28
 In order to avoid 
this effect, quench sequences were introduced into the synthesis protocol, whereby the 
reaction is terminated following the growth of the Ge segments. The substrate is removed 
from the round bottomed flask and is washed thoroughly with toluene before being placed in 
a fresh, clean flask where a Si or Si-Ge reaction is carried out. These quench sequences thus 
allow for the synthesis of hNWs with alternating, pure Si and pure Ge segments, irrespective 
of the configuration. 
 
Figure 1. Schematic of the synthesis system and the hNWs which can be synthesized. (a) 
Schematic of the solvent vapor growth system used for axial hNW growth. Squalane acts as 
the growth medium with the organometallic precursor PS injected for silicon segment 
growth, while TPG or diphenylgermane (DPG) are injected for germanium segment growth. 
(b) The scheme for hNW growth, utilising quench sequences, when beginning with a Si 
segment while (c) shows the scheme beginning with a Ge segment. 
Figure 2 (a-f) shows TEM images of the different NW types correlating with the sequences 
outlined in Figure 1. The number and sequence of growth and quenching can be repeated 
consistently with up to 6 alternating segments demonstrated in this work. A clear contrast 
difference between the Si and Ge can be seen in the TEM images, providing evidence of the 
lack of alloying between the elements. In all of the hNW types presented, a clear broadening 
in the NW diameter can be observed on the transition from Si to Ge, while conversely, a clear 
tapering is seen when transitioning from Ge to Si. This difference in diameter between the 
segments is due to the different wetting behaviours of the Sn catalyst with both the Si and Ge. 
This results in an undulation in thickness along the wire length as the wire alternates between 
the larger diameter Ge and smaller Si. A slight reduction in the respective diameters along the 
wire is observed that is consistent with the expected reduction in the seed diameter as the 
reaction progresses due to material losses. For the Si-Ge-Si hNW in Figure 2 (c), the 
diameters of the Si, Ge and second Si segment are 52 nm, 67 nm and 48 nm respectively. 
Similarly, for the Ge-Si-Ge hNW in Figure 2 (d) the diameters of the Ge, Si and second Ge 
segment are 98 nm, 73 nm and 90 nm respectively. It can also be noted from the hNWs seen 
in Figure 2 that the lengths of each segment can be varied and this is achieved through the 
careful control of the reaction times given for each segment. The growth rate for Sn seeded 
Ge NWs was observed to be approximately three times that of the growth rate for Sn seeded 
Si NWs and this was consistent across the reaction series (Supporting Information, Figure S 
1). For example, the Ge-Si-Ge sequence in Figure 2 (d) has individual segment lengths of 
1400 nm, 1800 nm and 750 nm, requiring growth times of 20, 70 and 10 minutes  
respectively. In some cases, such as for the hNW seen in Figure 2 (c), detachment of the seed 
occurs upon sonication of the material due to an amorphous layer being present at the 
interface of the silicon wire and the metal seed.
36
 
 Figure 2. Low magnification TEM images of some of the hNWs which have been 
synthesized through the incorporation of quench sequences. (a) shows a Si-Ge hNW where 
the Si and Ge segments are grown sequentially in one reaction, (b) shows the opposite, Ge-Si 
hNW where a quench sequence is required following the growth of the Ge segment, (c) and 
(d) show triple segment hNWs consisting of Si-Ge-Si and Ge-Si-Ge respectively while (e) 
shows the 4 segment Si-Ge-Si-Ge hNW and (f) the 6 segment Si-Ge-Si-Ge-Si-Ge hNW.  
High-angle annular dark field (HAADF) imaging in an aberration corrected STEM was 
performed on a number of the Ge-Si hNWs. This analysis was performed along with atomic-
resolution EELS analysis in order to determine the exact interfacial abruptness when 
transitioning from Ge to Si. This allows comparison to the abrupt interface previously 
observed upon the non-quench transition from Si to Ge. A low magnification bright field 
(BF) image of a Sn seeded Ge-Si hNW is shown in Figure 3 (a) focussing on the interfacial 
region. A high magnification dark field (DF) image of the area specified by the red box in 
Figure 3 (a) is shown in Figure 3 (b). In the conditions used, the contrast of HAADF (or “Z 
contrast”) images is approximately proportional to Z (n = 1.7 – 2), where Z is the atomic 
number of the observed material. Figure 3 (c) shows a higher magnification image of the 
region at the Ge-Si interface indicated by the red box in Figure 3 (b). Figure 3 (d) shows the 
corresponding EELS map where the signal for Ge is shown in red and the signal for Si is 
represented by the green colour. From this we can see that there appears to be a relatively 
sharp transition at the interface from the Ge region to the lower Z, Si region, above. A line 
profile, indicated by the yellow arrow in Figure 3 (c), was then drawn from the Ge section to 
the Si section. The EELS data was processed using principal component analysis,
37
 to 
minimize the influence of noise, before being averaged across the interface to generate a 
graph representing the relative intensities of both Ge and Si (normalised to [0 1]). From this 
graph in Figure 3 (e) we can see that the transition from Ge to Si occurs over a distance of 
approximately 12 nm, across which a Si/Ge alloy, of decreasing Ge content, is observed 
(Higher magnification HAADF and EELS data for the interface of this hNW can be found in 
the Supporting Information, Figure S 2). This transition is quite sharp for VLS grown Ge-Si 
axial heterostructures, particularly when taking into account the large diameter (85 nm) of the 
NW and considering that the reactions are quenched and re-started in between the growth of 
the Ge and Si segments. Several factors may contribute to the less abrupt interface at the Ge-
Si junction in comparison to the atomically abrupt interface for the Si-Ge junction. While Si 
and Ge are both known to have extremely low solubilities with Sn, a comparison of their 
relative solubilities from the Si-Sn and Ge-Sn phase diagrams is noteworthy (Supporting 
Information, Figure S 3). At room temperature, Ge has a solubility of 0.5 % in Sn while Si 
has a negligible solubility, whereas at the reaction temperature (460 °C), Ge has a solubility 
of 1.1 % which is approximately 70 times more soluble than the Si solubility of 0.015%. This 
higher solubility allows for a number of possible routes for the remnant Ge to manifest into 
the sequential growth phases of Si: (1) the solid Sn seed at room temperature, after the 
quench step, can contain up to 0.5 % Ge, which will be present on the introduction of the Si, 
(2) the subsequent reaction temperature of 460 °C is above the eutectic point for Ge and Sn 
allowing for potential re-dissolution of Ge from the wire, up to the solubility limit of Ge (1.1 
%) at this temperature and (3) residual Ge not removed in the toluene washing step could also 
act as a source. Further improvements in abruptness of this interface may be possible by 
increasing the reactivity of the Si source to ensure a rapid switch to Si growth and also 
improving the washing step using more optimal solvents. 
 Figure 3. Interfacial abruptness determination of a Ge-Si hNW (a) Low magnification 
BFSTEM image of a Ge-Si hNW. (b) Rotated HAADF image of the region indicated by the 
red box in (a). (c) HAADF image of the spectrum region used for EELS analysis as 
highlighted by the red rectangle in (b). (d) EELS map corresponding to the HAADF in (c) 
showing the elemental distribution, with the Ge and Si signals indicated by red and green 
respectively. (e) Graph generated of the normalised intensity across the Ge-Si interface with 
the direction given by the yellow arrow in (c). The transition of the materials from Ge to Si 
occurs over approximately 12 nm. The HAADF image was acquired simultaneously with the 
EELS data. 
In a small percentage of the Ge-Si NWs synthesized, a slightly different interface to that of 
the hNW in Figure 3 is observed. In Figure 4 (a) a low magnification BFSTEM image of a 
Ge-Si hNW is shown. An additional dark band is observed after the initial transition from Ge 
to Si, indicating the presence of another small Ge rich region. This small region is more 
clearly evident in the HAADF image in Figure 4 (b). A HAADF image of the region at the 
Ge-Si interface indicated by the red box in Figure 4 (b) is shown in Figure 4 (c), while the 
corresponding EELS map with Ge in red and Si in green is seen in Figure 4 (d). From this we 
can note that while initially the Ge begins to transition to Si, another peak region of Ge 
nucleates before the NW transitions entirely to Si. This is more clearly presented in the graph 
in Figure 4 (e), which was generated in the same manner as the graph in Figure 3 (e). The Ge 
signal begins to drop and is less than the Si signal after approximately 10 nm, before it rises 
again to another peak at approximately the 12 nm mark. The signal for Ge again begins to 
drop, quite quickly and is at a minimum relative to the Si signal after another 7 nm. While the 
interfacial region is more complex than that seen in the hNW in Figure 3, the overall 
transition from Ge to Si for this 70 nm NW occurs over a similar distance of approximately 
13 nm (Higher magnification data for the interface of this hNW can be observed in the 
Supporting Information, Figure S 4). This observation is most likely due to small amounts of 
residual germane remaining on the substrate following the toluene washing step, causing 
local changes in the germane concentration, which then incorporates into the Si segment, 
before it is entirely consumed. While the washing of the substrate is intended to remove all 
residual germane, its’ complete removal would be quite difficult as some could be trapped 
within the nanowire meshes. The importance of this washing step is confirmed by performing 
a Ge-Si reaction without washing the substrate in toluene before the subsequent Si reaction. 
The number of NWs exhibiting a similar interface to that in Figure 4 increases dramatically, 
with the length of the interfacial region also increasing (Supporting Information, Figure S 5). 
In this reaction, only a small percentage of the NWs produced are the pure Ge to pure Si type, 
with the majority of the NWs exhibiting varying amounts of alloying in the “Si” segment 
(Supporting Information, Figure S 6). 
 
Figure 4. Interfacial abruptness determination of a Ge-Si hNW with a more complicated 
interface (a) Low magnification BFSTEM image of the Ge-Si hNW. (b) HAADF image of 
the region indicated by the red box in (a). (c) HAADF image of the spectrum region used for 
EELS analysis as highlighted by the rectangle in (b). (d) EELS map corresponding to the 
HAADF in (c) showing the elemental distribution, with the Ge and Si signals indicated by red 
and green respectively. (e) Graph generated of the normalised intensity across the Ge-Si 
interface with the direction given by the yellow arrow in (c). The transition of the materials 
from Ge to Si occurs over approximately 15 nm. The HAADF image was acquired 
simultaneously with the EELS data. 
Figure 5 (a) shows a typical Si-Ge-Si hNW, where both interfaces can be observed in one 
structure. Higher magnification images of the regions indicated with a red and blue box can 
be seen in Figure 5 (b) and (c) respectively. The high magnification images, further confirm 
that when comparing the Si-Ge interface, which were grown sequentially in one reaction, 
with the Ge-Si interface, where a quench sequence was performed before the growth of the Si 
segment, the interface from Si to Ge is much sharper than that of the Ge to Si interface. This 
can be observed more clearly in the EDX line scan shown in Figure 5 (d), with the scan 
direction indicated by the arrow in Figure 5 (a). There is a sharp drop in the Si signal which 
occurs simultaneously with a sharp increase in the Ge signal at 0.22 μm, showing that there is 
a very abrupt change from Si to Ge at that interface. At 0.39 μm, there is a drop off in the Ge 
signal with an increase in the Si signal seen at close to the same point, showing again, quite a 
sharp transition in the material from Ge to Si but not quite as abrupt as that seen for the Si to 
Ge interface. Typically the Si-Ge interface is abrupt to 1-3 nm whereas the Ge-Si interface is 
abrupt to 10-15 nm. An EDX line profile confirming the presence of a Sn seed for a Si-Ge-Si 
hNW and EDX analysis of a Ge-Si-Ge hNW are provided in the Supporting Information 
(Figure S 7 and Figure S8 respectively). 
 Figure 5. TEM images and EDX line profile for a Si-Ge-Si hNW. (a) Low magnification 
TEM image of a Si-Ge-Si hNW. (b) and (c) High magnification TEM images of the Si-Ge 
and Ge-Si interfaces indicated by the red and blue boxes respectively in (a). (d)  EDX line 
profile along the NW where Si is green and Ge is red, with the direction indicated by the 
white arrow in (a). 
 
  
Conclusions 
In summary, Si-Ge axial heterostructure NWs of up to at least 6 segments were synthesized 
in a wet chemical synthesis approach. These hNWs consist of long, alternating, pure Si and 
pure Ge segments, with minimal alloying observed at the interfaces as confirmed through the 
use of aberration corrected STEM and EELS. The control of segment length and ability to 
alternate between Si and Ge with sharp transitional abruptness allows for their programmable 
design and rational integration into complex device architectures. The quench step described 
in this report may also offer the added benefit of allowing for the isolated doping of the 
silicon and germanium segments to potentially create device relevant p-n, n-p or p-i-n 
junctions along the length of the nanowires. 
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Experimental Section.  
Substrate Preparation and Post Synthetic Treatment. Sn substrates were prepared by 
evaporating 99.999% Sn, (Kurt J. Lesker) in a glovebox based evaporation unit, onto a 
stainless steel substrate. The nominal Sn film thickness investigated was 20 nm. The 
substrates were stored in an Ar glovebox prior to reactions and contact with O2 was kept to a 
minimum. After synthesis, the substrates were rinsed with toluene to remove excess HBS. No 
additional cleaning steps were required. 
Reaction Setup. Reactions were carried out in a custom-made Pyrex round bottomed flask 
containing 7 ml of squalane (99% Aldrich). The growth substrates were placed vertically in 
the flask, which was attached to a Schlenk line setup via a water condenser. This was then 
ramped to a temperature of 125 °C using a three zone furnace. A vacuum, of at least 100 
mTorr, was applied for 1 h to remove moisture from the system. Following this, the system 
was purged with Ar. The flask was then ramped to the reaction temperature under a constant 
Ar flow. A water condenser was used to control the HBS reflux and ensure that the reaction 
was kept under control. At the correct reaction temperature, the precursor was injected 
through a septum cap into the system and the reaction was allowed to proceed for the given 
growth time. To terminate the reaction, the furnace was opened and the setup was allowed to 
cool to room temperature before removing the NW coated substrates.  
Si-Ge NW growth. The reaction setup described above was followed with phenylsilane (PS) 
(97% Aldrich) being injected at 460 °C and allowed to react for 45 min. The furnace was 
then ramped down to a temperature of 430°C and allowed to stabilize before 
triphenylgermane (TPG) (>95% Aldrich) was injected for 5 min. The reaction was terminated 
as above and allowed to cool to room temperature before removing the substrate. 
Ge-Si NW growth. The reaction setup above was followed whereby diphenylgermane (DPG) 
(97% Fluorochem) was injected at 430 °C and the growth time given was 10 min. The 
reaction was terminated, allowed to cool and the substrate was removed. The substrate was 
rinsed in toluene. The reaction setup was repeated in fresh, clean glassware. The Si segment 
was then grown by injecting PS at 460 °C with a given reaction time of 60 min. The reaction 
was then terminated as above. 
All subsequent segments were synthesized similar to the above methods.  
Note: For heterostructure NW growth where a Si segment is followed by a Ge segment, these 
two segments are grown during the same reaction. Where a Ge segment is followed by a Si 
segment, the reaction is terminated following the growth of the Ge segment and the Si 
segment is grown in clean glassware. 
Analysis. SEM analysis was performed on a Hitachi SU-70 system operating between 3 and 
20 kV. The substrates were untreated prior to SEM analysis. For TEM analysis, the NWs 
were removed from the growth substrates through the use of a sonic bath. The NWs were 
washed in a toluene and ethanol mixture, centrifuged for 10 min at 4000 rpm and then 
immersed in toluene. TEM analysis was conducted using a 200 kV JEOL JEM-2100F field 
emission microscope equipped with a Gatan Ultrascan CCD camera and EDAX Genesis EDS 
detector. TEM/STEM/EDX analysis of the NWs was conducted on Cu TEM grids. XRD 
analysis was conducted using a PANalytical X’Pert  PRO MRD instrument with a Cu Kα 
radiation source (λ = 1.5418 Å) and an X’celerator detector. All scanning transmission 
electron microscopy work was carried out on a Nion UltraSTEM100 microscope operated at 
100 keV primary beam energy. In the conditions used for the experiments, the microscope 
forms a 0.8 Å probe with a convergence semiangle of 31 mrad. The HAADF detector 
semiangular range was calibrated as 85–195 mrad for Z-contrast imaging. A Gatan Enfina 
spectrometer was used to acquire electron energy loss spectra. Although the native energy 
spread of the beam delivered by the cold field emission emitter of the microscope is 0.35 eV, 
the spectrometer was set up so both Ge L2,3 and Si K edges could be recorded 
simultaneously, resulting in an energy resolution (estimated by the full width at half-
maximum of the zero loss peak) of 1.3 eV. All EELS data was processed using principal 
component analysis to minimize the influence of noise. The collection semiangle was 36 
mrad for all data presented here. For compositional analysis, the Ge L2,3 and Si K edges 
were integrated over a 50 eV window after the edge onsets, following the removal of the 
background using a decaying power law function. 
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